INTRODUCTION {#s1}
============

Obesity is highly prevalent, especially in the developed world. It was estimated that by the end of 2015, 41% of U.S. adults were obese as defined by a body mass index of greater than 30 kg/m^2^ \[[@i0006-3363-94-5-108-b01]\]. Obesity is a common problem among women of reproductive age and is associated with multiple reproductive adverse effects, including anovulation, irregular menses, infertility, miscarriage and adverse pregnancy outcomes with assisted and spontaneous conceptions \[[@i0006-3363-94-5-108-b02]\]. Although weight loss of 10% has been shown to increase conception and live birth rates in obese women in retrospective studies \[[@i0006-3363-94-5-108-b03]\], there is as yet no intervention that is consistently proven to normalize the clinical pregnancy rates in obese women.

Understanding obesity and high-fat diet (HFD) exposure and their impact on female reproductive function is important for consideration of preventive measures to improve outcomes. Obesity is associated with hormonal and metabolic imbalances related to interactions between genetic and environmental factors \[[@i0006-3363-94-5-108-b04], [@i0006-3363-94-5-108-b05]\]. To date, individual and combined contributions of hormonal, metabolic, and environmental influences on reproductive dysfunction of obese individuals remain poorly understood. Excess calorie consumption, particularly a diet high in fat, is a risk factor for both obesity and reproductive disorders \[[@i0006-3363-94-5-108-b06], [@i0006-3363-94-5-108-b07]\]. In ovaries from mice fed a HFD for 4 wk, both cumulus cells and oocytes contained markedly increased levels of neutral lipid \[[@i0006-3363-94-5-108-b08]\], and in women, obesity is associated with a dramatic increase in follicular fluid triglyceride levels \[[@i0006-3363-94-5-108-b09]\].

Mouse model studies indicate that elevated dietary fat consumption can influence some reproductive functions independent of obesity \[[@i0006-3363-94-5-108-b09]\]. For instance, a recent study suggests that an exposure to HFD of as little as 6 wk has an irreversible effect on oocyte quality \[[@i0006-3363-94-5-108-b10]\]. Importantly, the specific contributions of elevated dietary fat versus obesity to ovarian dysfunction remain unclear. Inflammatory responses appear to play a crucial role in lipotoxic oocyte dysfunction. Multiple serum cytokines are elevated in obesity, especially tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) \[[@i0006-3363-94-5-108-b11], [@i0006-3363-94-5-108-b12]\]. Low-grade systemic inflammation has been implicated in the development of infertility and other obesity-associated, adverse reproductive outcomes \[[@i0006-3363-94-5-108-b06], [@i0006-3363-94-5-108-b13]\]. However, it is unclear whether HFD exposure alone, without the obese phenotype, leads to similar local and systemic disturbances.

The objective of this prospective animal study was to determine whether HFD impacted ovarian function, long-term fertility, and markers of inflammation independent of obesity. We hypothesized that prolonged exposure to HFD would have a detrimental effect on ovarian function and physiology independently of obese phenotype. To test this hypothesis, we placed young C57BL/6J mice on HFD for 10 wk and compared their follicle numbers to those that were maintained on a control low-fat diet (LFD). We also assessed local and systemic inflammation markers, and pregnancy outcomes in a 5-mo breeding trial. Our data revealed that HFD causes significant reduction in primordial follicles, compromised fertility, produced higher proinflammatory cytokine levels, and increased ovarian macrophage infiltration, independent of obesity.

MATERIALS AND METHODS {#s2}
=====================

Animals, Diet, and Body Composition Analysis {#s2a}
--------------------------------------------

Forty-eight female C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) at 4 wk of age. The University of Colorado Anschutz Medical Campus Institutional Animal Care and Use Committee approved all procedures and housing conditions used in the study. Mice were housed in the facilities at the Anschutz Medical Campus\'s Center for Comparative Medicine with free access to food and water for the duration of the study (22°C−24°C; 12L:12D cycle). Mice were housed in standard ventilated mouse cages. Food was held within the cage using a grated dispenser that spans the overhead space of the cage. This food dispensing system allows multiple access points for the mice in the cage, such that all the mice in the cage are able to eat at the same time if they choose. Three mice were kept in each cage. The maximum number of mice per cage is five; however, we chose three to enable the mice more space and less chance of cage overcrowding or decreased cleanliness. Mice were monitored five times a week for signs of cage aggression or disease. After 1 wk of acclimation, 12 mice were placed on LFD with 10% of calories coming from fat (LFD; catalog no. D12450Bi; Research Diets, New Brunswick, NJ), and 36 mice were placed on HFD with 60% of calories coming from fat (catalog D12492i, Research Diets) for the duration of the study. Both diets have been formulated specifically for scientific research and have been used widely in research with rodents \[[@i0006-3363-94-5-108-b14][@i0006-3363-94-5-108-b15]--[@i0006-3363-94-5-108-b16]\]. Dietary components of the diets used in this study can be found in Supplemental Table S1 (Supplemental Data are available online at [www.biolreprod.org](www.biolreprod.org)). The two diets differ in the amount of fat and carbohydrates. HFD contains 60% fat, mostly from lard, whereas LFD contains mostly carbohydrates (mainly sucrose and corn starch). Both diets have the same amount of vitamins and minerals (Supplemental Table S1). Mice fed LFD were classified as low-fat lean controls and are hereafter referred to as the LF-Ln group. Weight measurements were performed weekly. Following 10 wk on study diets, body composition analyses were performed by quantitative magnetic resonance (EchoMRI-900 Whole Body Composition Analyzer; Echo Medical Systems, Houston, TX), and mice that were on HFD were divided into 3 groups: upper tertile with body weights above 25 g (high-fat obese \[HF-Ob\]), lower tertile with body weights less than 22 g (high-fat lean \[HF-Ln\]), and middle tertile with body weights between 22 and 25 g. Twelve animals fell into each group. The middle group (12 animals) was excluded from the study. The main reason for excluding the middle group was to achieve a better differentiation between lean and obese animals. With this model, we were able to assess the independent effects of a HFD feeding and obesity on ovarian function and markers of systemic inflammation.

Tissue Collection and Fasting Glucose Assessment {#s2b}
------------------------------------------------

Mice were fasted for 6 h. Blood samples were collected from the tail vein, and glucose levels were measured using ReliOn blood glucose monitoring system (Ultima). Ovaries were collected to assess the ovarian follicle pool (primordial and growing) and to determine the degree of local inflammation (macrophage infiltration). Serum was collected for measurements of systemic cytokine and anti-Müellerian hormone (AMH) levels.

Mating Trials {#s2c}
-------------

Five-week-old female mice were placed on the HFD described in the diet and feeding section. The mice were fed this diet exclusively for 10 wk. At 15 wk of age, the female mice (6 per feeding group) were placed with C57BL/6J perilipin-2 knockout males of known fertility. Male perilipin-2 knockout mice are resistant to obesity and do not develop obesity-related health problems, including infertility \[[@i0006-3363-94-5-108-b17]\]. The number of litters, the number of pups per litter, and the birth weight of each pup from five successive breeding trials conducted over 5 mo were recorded. At that point, animals were sacrificed. Ovaries were collected to assess the ovarian follicle pool (primordial and growing) and to determine the extent of local inflammation (macrophage infiltration). Serum was collected for measurements of non-esterified fatty acids, circulating cytokines, and AMH.

Serum Cytokine Analysis {#s2d}
-----------------------

Colorimetric assays were used to measure serum nonesterified free fatty acids (NEFA; Wako Chemicals USA, Richmond, VA). Serum levels of adiponectin (MADPNMAG-70K-01), IL-8, IL-10, interferon-gamma (IFN-gamma), granulocyte macrophage colony-stimulating factor (GM-CSF) (MCYTOMAG-70K-04); leptin, insulin, TNF-alpha, and IL-6 (MADKMAG-71K-04) were assessed using Milliplex Multiplex Luminex assays (EMD Millipore, Concord, MA) according to the manufacturer\'s instructions for each assay. Each assay\'s minimal detectable concentrations and inter-assay and intra-assay coefficient of variation are presented in Supplemental Table S2.

Serum AMH Level Analysis {#s2e}
------------------------

Serum was collected after 32 wk on respective diets, and AMH was measured at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core (Charlottesville, VA) using ELISA. Assay sensitivity was 0.2 ng/ml, average reportable range was 0.2 to 15 ng/ml, and inter- and intra-assay coefficients of variation were 3.6% and 8.5%, respectively.

Follicle Counts {#s2f}
---------------

Differential follicle counts were performed, as previously described \[[@i0006-3363-94-5-108-b18]\], to assess the effect of HFD on ovarian reserve. Briefly, the right ovary was collected after 10 wk on a respective diet and fixed in a solution containing 0.34 N glacial acetic acid, 10% formalin, and 28% ethanol, and embedded in paraffin. Whole ovaries were serially sectioned (8-μm sections) and stained with picric acid/methyl blue and Weigert hematoxylin. The number of resting (primordial) and growing (primary, secondary, antral) follicles per ovary was determined as detailed previously by Tilly et al. \[[@i0006-3363-94-5-108-b18]\]. Briefly, differential follicle counts were calculated after counting every fifth section. Only follicles with a visible nucleus in a given section were counted to avoid an overestimation of the larger follicle numbers. The number obtained was then multiplied by five for every type of follicle (primordial, primary, secondary, antral) to estimate the total number of follicles per ovary. Growing to primordial follicle ratio was also assessed for all experimental groups. All counts were performed by an examiner blinded to the experimental groups. Mean differences in counts of primordial and growing follicles made by two blinded, independent observers for all cell types were within 10%.

Immunohistochemistry for Macrophage Marker CD68 {#s2g}
-----------------------------------------------

CD68 is a glycoprotein expressed on monocytes and macrophages \[[@i0006-3363-94-5-108-b19]\]. Immunohistochemical staining of ovaries for CD68 was performed to assess inflammation in the ovary. Ovaries were dissected from animals that had been on a respective diet for 10 wk and fixed in buffered 4% paraformaldehyde, followed by paraffin embedding. Ovaries were serially sectioned (5-μm sections). The standard colorimetric technique was performed according to the instructions of the manufacturer. Antigen retrieval was achieved in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20 at pH 6.0). Sections were incubated overnight in the primary antibody diluted 1:100 at 4°C (CD68 antibody; catalog no. orb197999; Biorbyt LLC, San Francisco, CA). Sections were then washed in phosphate-buffered saline and primary antibody immunoreactivity was revealed by incubation with secondary antibody diluted 1:200 for 45 min at room temperature (biotinylated donkey anti-rabbit immunoglobulin G \[IgG\]; catalog no. sc-2089; Santa Cruz Biotechnology Inc., Dallas, TX). Antigen specificity was confirmed with negative controls in which tissue sections were prepared as described but with working phosphate-buffered saline solution (2% w/v bovine serum albumin, 1% v/v donkey serum) instead of primary antibody. Subsequently ABC reagent (ABC kit \[standard\*\] Vectastain; Vector Laboratories, Inc., Burlingame, CA) was used to amplify signal intensity and 3, 3′-diaminobenzidine solution (DAB peroxidase substrate kit; Vector Laboratories, Inc.) was used to visualize horseradish peroxidase as a brown precipitate that was subsequently quantified.

Macrophage Counts {#s2h}
-----------------

Macrophage counts were performed using four representative sections from the middle of the ovary, and the number was averaged. CD68-positive cells were counted. Six ovaries per experimental group were analyzed.

Statistical Analysis {#s2i}
--------------------

For follicle counts, macrophage counts, fasting glucose, NEFA, and cytokine levels statistical significance was determined by using one-way ANOVA with Bonferroni post hoc test. All measures are mean ± standard error of the mean. Data were analyzed using STATA version 13 software (StataCorp LP, College Station, TX). A *P* value of less than 0.05 was considered statistically significant. Whenever a pregnancy occurred, the number of pups in a litter was recorded. Differences between groups in pregnancy rate were modeled over time using a logit link function within a general linear mixed effects model \[[@i0006-3363-94-5-108-b20]\], thereby estimating a logistic mixed effects model \[[@i0006-3363-94-5-108-b16]\]. Differences in number of pups per litter were modeled across time using a negative binomial link function within a general linear mixed effects model. Total number of pups and total number of pregnancies across the 5 mo were summarized as mean and 95% confidence interval from Poisson regression, and compared within the framework of the Poisson model. SAS version 9.4 software was used for statistical analyses; Prism version 6.03 was used for creating graphics (GraphPad).

RESULTS {#s3}
=======

Body Composition Characteristics {#s3a}
--------------------------------

Mice fed HFD diverged into HF-Ln and HF-Ob after 5 wk of dietary intervention (*P* = 0.03) ([Fig. 1](#i0006-3363-94-5-108-f01){ref-type="fig"}). In addition, there was no significant difference in the weight gain of HF-Ln mice compared to LF-Ln mice over the course of the study (*P* = 0.82) ([Fig. 1](#i0006-3363-94-5-108-f01){ref-type="fig"}). Differences in body weight after 10 and 32 wk on diet between the groups are presented in [Figure 2](#i0006-3363-94-5-108-f02){ref-type="fig"}, A and B. Body composition analysis that was performed after 10 wk on diet by quantitative magnetic resonance also revealed significant differences between obese and lean animals. The average percentage of fat mass was 14.5% (± 1.1%) in LF-Ln, 14.2% (±1.3%) in HF-Ln, and 29.7% (±1.9%) in HF-Ob animals (*P* \< 0.0001).

![Weight gain over time. Animals on HFD separated into HF-Ln (n = 12) and HF-Ob (n = 12) after approximately 5 wk. HF-Ln mice followed weight gain trajectory similar to that of LF-Ln animals (n = 12) that received the diet containing 10% of fat. \*Significantly different from LF-Ln.](i0006-3363-94-5-108-f01){#i0006-3363-94-5-108-f01}

![Body weights and glucose levels. **A**) Average body weight after 10 wk on diet. **B**) Average body weight after 32 wk on diet. **C**) Average fasting glucose level after 10 wk on diet. **D**) Average fasting glucose level after 32 wk on diet. Bars represent mean ± SEM (n = 6 mice per group); one ovary per mouse; \*Statistically significant differences from LF-Ln group (*P* \< 0.05). All data were analyzed by one-way ANOVA with Bonferroni correction for multiple comparisons.](i0006-3363-94-5-108-f02){#i0006-3363-94-5-108-f02}

Fasting Glucose and Serum Nonesterified Free-Fatty Acid Levels {#s3b}
--------------------------------------------------------------

Fasting glucose levels were elevated in HF-Ob animals compared with the other two groups after 10 wk on diet ([Fig. 2](#i0006-3363-94-5-108-f02){ref-type="fig"}C). Both groups of HFD animals had elevated fasting glucose levels compared with LFD animals after 32 wk on diet ([Fig. 2](#i0006-3363-94-5-108-f02){ref-type="fig"}D). Levels of NEFA were 1.22 ± 0.17, 1.07 ± 0.28, and 0.76 ± 0.26 mmol/L in LF-Ln, HF-Ln, and HF-Ob animals, respectively after 10 wk on diet and did not differ significantly between the groups (*P* = 0.39). After 32 wk on diet, levels of NEFA were 0.18 ± 0.01, 0.22 ± 0.04, and 0.22 ± 0.01 mmol/L in LF-Ln, HF-Ln, and HF-Ob animals, respectively (*P* = 0.06).

Follicle Counts {#s3c}
---------------

Follicle counts were performed using serial sections stained with picric acid/methyl blue and Weigert hematoxylin, as described in *Materials and Methods*. A 10-wk exposure to HFD resulted in decreased ovarian reserve (depleted primordial follicles) regardless of obese phenotype ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}A). Primordial follicle numbers were 537 ± 117 in HF-Ob and 623 ± 81 in HF-Ln animals compared to 1395 ± 229 in LF-Ln mice (*P* = 0.002). Numbers of growing follicles did not differ significantly among the three groups and were 1092 ± 77, 980 ± 82, and 804 ± 123 in LF-Ln, HF-Ln, and HF-Ob animals, respectively (*P* = 0.15) ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}C). In addition, animals exposed to HFD had a higher growing-to-primordial follicles ratio that was 1.83 ± 0.89, 1.69 ± 0.47, and 0.84 ± 0.22 in HF-Ob, HF-Ln, and LF-Ln animals, respectively, after 10 wk on respective diet (*P* = 0.04) ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}E). A 32-wk exposure to HFD had similar, sustained effects on the ovarian reserve. Primordial follicle numbers were persistently lower in HF-Ln (189 ± 116) and HF-Ob (136 ± 71) animals than in their LFD-fed age-matched counterparts (408 ± 170; *P* = 0.005) ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}B). Numbers of growing follicles did not differ significantly among the three groups (*P* = 0.15) ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}D). Also there were no differences in the growing-to-primordial follicles ratio (*P* = 0.17) ([Fig. 3](#i0006-3363-94-5-108-f03){ref-type="fig"}F). Representative images of ovaries from different dietary intervention groups are presented in Supplemental Figure S1. Ovarian follicles are presented by follicle type in Supplemental Table S3.

![Primordial and growing follicle numbers per ovary. Follicle numbers were assessed after 10 and 32 wk on respective diets. Graphs represent the number of primordial (**A** and **B**) and growing (**C** and **D**) follicles per ovary in different dietary intervention groups at two time points. Graphs **E** and **F** represent ratio of growing to primordial follicles per ovary after 10 and 32 wk on diet. Bars represent mean ± SEM (n = 6 mice per group; one ovary per mouse); \*statistically significant differences from LF-Ln group; *P* \< 0.05. All data were analyzed by one-way ANOVA with Bonferroni correction for multiple comparisons.](i0006-3363-94-5-108-f03){#i0006-3363-94-5-108-f03}

Macrophage Infiltration in the Ovary {#s3d}
------------------------------------

Qualitative assessment of the macrophage immunohistochemical staining revealed expression of the macrophage marker CD68 in both the HF-Ln and HF-Ob groups that was markedly increased compared to that in LF-Ln mice, indicating increased tissue inflammation in the ovary independent of obesity ([Fig. 4](#i0006-3363-94-5-108-f04){ref-type="fig"}). These findings were confirmed by quantitative assessment that revealed increased numbers of macrophages in ovaries from HFD animals compared to LFD animals, both after 10 and 32 wk on HFD. The average number of macrophages per section was 11.8 ± 4.1 in LF-Ln mice, 41.8 ± 6.3 in HF-Ln mice, and 47.5 ± 15.7 in HF-Ob mice (*P* \< 0.0001) after 10 wk on diet and 51.8 ± 10.1 in LF-Ln mice, 180.6 ± 54.3 in HF-Ln mice, and 218.7 ± 40.0 in HF-Ob mice (*P* \< 0.0001) after 32 wk on diet.

![Representative images showing the presence of macrophages in the ovary. Macrophages were identified using marker CD68. Increased expression of macrophage marker CD68 was noted in both the HF-Ln (n = 6) and HF-Ob (n = 6) groups compared to the LF-Ln mice (n = 6), after 10 (**A**) and 32 (**B**) wk on HFD. These findings indicate increased tissue inflammation in the ovary after prolonged exposure to HFD regardless of obese phenotype. Ctrl, control. Original magnification ×200.](i0006-3363-94-5-108-f04){#i0006-3363-94-5-108-f04}

Systemic Inflammation Assessment {#s3e}
--------------------------------

Serum concentrations of some proinflammatory cytokines in HF-Ln and HF-Ob groups were increased in comparison to those in the LF-Ln group ([Table 1](#i0006-3363-94-5-108-t01){ref-type="table"}). GM-CSF was increased in both HF-Ln and HF-Ob animals, whereas leptin and IL-8 were increased in obese animals only. There were no differences in the level of adiponectin (anti-inflammatory), IL-6, IL-10, and IFN-gamma among the groups. After 32 wk on diet, GM-CSF was again elevated in HF-Ln and HF-Ob animals compared with that in LF-Ln mice, although the differences did not reach statistical significance. Contrary to the earlier time point, leptin and IL-8 were elevated not only in HF-Ob animals but also in LF-Ln animals. There were no differences noted in the level of adiponectin, IL-6, IL-10, TNFα, and IFN-gamma between the groups ([Table 2](#i0006-3363-94-5-108-t02){ref-type="table"}).

###### 

Systemic cytokine levels after 10 wk on diet.

![](i0006-3363-94-5-108-t01)

Mean ± SEM; one-way ANOVA with Bonferroni correction.

^a,b ^Means with different letters are statistically different.

###### 

Systemic cytokine levels after 32 wk on diet.

![](i0006-3363-94-5-108-t02)

Mean ± SEM; one-way ANOVA with Bonferroni correction.

^a,b ^Means with different letters are statistically different.

AMH Level Assessment {#s3f}
--------------------

Serum AMH level was similar between all study groups after 32 wk of dietary intervention and was 17.1 ± 14.7, 26.6 ± 17.8, and 19.9 ± 10.3 in LF-Ln, HF- Ln, and HF-Ob animals, respectively (*P* = 0.56).

Breeding Trial Outcomes {#s3g}
-----------------------

To assess the effect of HFD on long-term ovarian function and fertility, breeding trials were performed for 5 mo. After 10 wk of dietary intervention, each mouse was assigned into one of three groups: LF-Ln, HF-Ln, and HF-Ob. The total number of pregnancies across the 5-mo breeding trial was 4.67 (95% confidence interval \[CI\]: 3.22--6.76) in LF-Ln mice, 3.67 (95% CI: 2.41--5.57) in HF-Ln mice, and 1.83 (95% CI: 1.02--3.31) in HF-Ob animals. There were significant differences in the total numbers of pregnancies between LF-Ln and HF-Ob mice (*P* = 0.0086), but not between other groups. Pregnancy rate was significantly decreased in HF-Ob animals compared with that in LF-Ln controls in months 2, 3, and 5 of breeding (*P* \< 0.001). Pregnancy rate was also significantly decreased in HF-Ln animals in the second month of breeding (*P* \< 0.001) ([Fig. 5](#i0006-3363-94-5-108-f05){ref-type="fig"}). Across all five breeding periods, LF-Ln dams produced 28 litters in 30 attempts. In the same time frame, HF-Ln mice produced 22 litters in 30 breeding attempts, which was not statistically different from that in LF-Ln controls. In contrast, HF-Ob mice produced only 11 litters in 30 breeding attempts, which was significantly less than that for both LF-Ln (*P* \< 0.001) and HF-Ln mice (*P* \< 0.03). There were significant differences in the number of pups per litter between LF-Ln and HF-Ln animals (*P* = 0.038). The overall number of pups per litter was 6.22 (95% CI: 4.07--9.52) in the LF-Ln group, 3.19 (95% CI: 2.01--5.06) in the HF-Ln group, and 0.06 (95% CI: 0.00--x) in the HF-Ln group. The total number of pups across the entire 5-mo breeding trial differed significantly among all groups and was 31.83 (95% CI: 27.62--36.68) in LF-Ln, 19.17 (95% CI: 15.97--23.01) in HF-Ln, and 9.83 (95% CI: 7.62--12.69) in HF-Ob animals (*P* \< 0.0001).

![**A**) Average pregnancy rate by group over time. **B--D**) Number of pups over time per mouse per each group: LF-Ln (n = 6; **B**), HF-Ln (n = 6; **C**), HF-Ob (n = 6; **D**). **E**) Combined number of pups per litter over time. **F**) Average number of pups per litter over time. HFD is detrimental to pregnancy rate and to litter production rate over time regardless of obese phenotype. **A**) Asterisks indicate statistically significant differences from LF-Ln group. Colored areas around the lines indicate exact 95% confidence intervals for each proportion. **F**) Asterisks indicate statistically significant differences (1 = different from LF-Ln; 2 = different from HF-Ln). Colored areas indicate error bars.](i0006-3363-94-5-108-f05){#i0006-3363-94-5-108-f05}

DISCUSSION {#s4}
==========

In this work, we demonstrate that prolonged exposure (both short-term and long-term) to HFD in young adult female mice causes significant reduction in primordial follicle numbers, compromised fertility, produced higher systemic proinflammatory cytokine levels, and increased ovarian macrophage infiltration, independent of obesity. Notably, obesity worsened the effects of HFD on fertility.

Surplus calorie consumption, particularly diet high in fat, is a risk factor for both obesity and reproductive disorders \[[@i0006-3363-94-5-108-b06], [@i0006-3363-94-5-108-b07]\]. Excess nutrition is associated with the accumulation of lipids in nonadipose tissues, including the ovary. In mice fed HFD for 4 wk, both cumulus cells and oocytes contain markedly increased levels of neutral lipids \[[@i0006-3363-94-5-108-b08]\], and in women, obesity is associated with a dramatic increase in follicular fluid triglyceride levels \[[@i0006-3363-94-5-108-b09]\]. Multiple previous studies have emphasized a strong association between obesity, infertility, and adverse reproductive health outcomes, but the underlying mechanisms remain unclear \[[@i0006-3363-94-5-108-b13], [@i0006-3363-94-5-108-b21][@i0006-3363-94-5-108-b22]--[@i0006-3363-94-5-108-b23]\]. Therefore, understanding of the mechanisms by which obesity affects ovarian function is of significant relevance. Moreover, the distinction between obesity and HFD exposure, without the obese phenotype, and their distinct impact on ovarian function has never been studied.

It is particularly noteworthy that we demonstrate a detrimental effect of HFD on ovarian reserve. In women, the impact of obesity and HFD on ovarian reserve is particularly controversial. On one hand, higher BMI has not been shown to be associated with earlier ovarian aging, as demonstrated by earlier menopause \[[@i0006-3363-94-5-108-b20]\]. On the other hand, lower AMH, an indirect measure of poor ovarian reserve, is seen in virtually all reports on the subject \[[@i0006-3363-94-5-108-b24][@i0006-3363-94-5-108-b25][@i0006-3363-94-5-108-b26]--[@i0006-3363-94-5-108-b27]\]. In our study there was a trend towards lower AMH and growing follicle numbers in obese animals exposed to HFD for 32 wk, yet it did not reach statistical significance. Nevertheless, both obese and lean animals exposed to HFD had significantly decreased primordial follicle pools. The discrepancy between results in mice and humans may be related to the fact that it is currently impossible to directly assess primordial follicle pool in humans, and measurement of AMH and antral follicle count (AFC) using ultrasonography are the only available measurements that may not be very accurate. Because no cycle assessment was performed in the study animals, we could not reliably assess other steroid hormone levels. The negative effects of HFD, regardless of obesity, on primordial follicles may be mediated by locally increased inflammation, as indicated by increased macrophage infiltration in the ovaries from animals fed HFD in our study. It has previously been suggested that macrophages can regulate ovarian cellular proliferation, apoptosis \[[@i0006-3363-94-5-108-b28]\], inflammation, and steroidogenesis \[[@i0006-3363-94-5-108-b29]\], and are therefore essential accessory cells for optimal fertility and follicular development \[[@i0006-3363-94-5-108-b30]\]. Macrophages secrete multiple cytokines that play an essential role in reproductive function. Dysregulation of macrophage number and function has been implicated in multiple ovarian and reproductive pathologies including polycystic ovarian syndrome \[[@i0006-3363-94-5-108-b31]\], endometriosis \[[@i0006-3363-94-5-108-b32]\], and premature ovarian insufficiency \[[@i0006-3363-94-5-108-b29]\]. In a previous study of the effect of obesity on ovarian function, diet-induced obesity resulted in increased immune cell infiltration, and increased mRNA expression of inflammatory markers such *TNFA*, *Rela*, *Il6* and the oxidative stress marker *Nos2* in the ovaries and periovarian adipose tissue of obese mice, suggesting an important link between obesity and potentially HFD exposure and abnormal inflammatory responses in the ovary \[[@i0006-3363-94-5-108-b33]\]. Although, we did not specifically investigate local inflammatory marker expression in our study, we hypothesize that altered levels of local cytokines may play a significant role in affecting ovarian reserve.

Low-grade systemic inflammation has been implicated in the development of infertility and other obesity-associated, adverse reproductive health outcomes \[[@i0006-3363-94-5-108-b34]\]. In addition, it has been suggested that a variety of cytokines regulate normal ovarian function \[[@i0006-3363-94-5-108-b35], [@i0006-3363-94-5-108-b36]\], including IL-1 \[[@i0006-3363-94-5-108-b37]\], and TNF-α \[[@i0006-3363-94-5-108-b38]\]. These cytokines are secreted by resident white blood cells, such as macrophages, and their level changes may detrimentally affect ovarian function and, as a result, have an unfavorable effect on fertility. In our assessment, we measured systemic levels of most common proinflammatory cytokines and adipokines. We found significant changes in systemic cytokine levels not only in obese animals but also in animals fed HFD without the obese phenotype. After 10-wk exposure to HFD, several proinflammatory cytokines were significantly increased. GM-CSF levels were higher in HF-Ln and HF-Ob animals, whereas IL-8 and leptin were significantly increased only in HF-Ob animals. After 32 wk of exposure to HFD, IL-8, GM-CSF, and leptin were significantly elevated in in HF-Ln and HF-Ob mice, whereas insulin was elevated only in HF-Ob mice. Cytokine and chemokine levels have been reported to be different in different stages of the estrous cycle in the ovary of various species \[[@i0006-3363-94-5-108-b39], [@i0006-3363-94-5-108-b40]\]. Because we did not perform estrous cycle assessment in the study animals, we were unable to assess if changes in systemic cytokine levels were only related to type of diet or if hormonal changes associated with phases of the estrous cycle potentially played a role. Further studies are needed to determine whether ovarian cytokine levels are dysregulated in obesity and HFD exposure, similarly to systemic cytokines, after controlling for estrous cycle and what interventions can be developed to alleviate the detrimental effects of ovarian inflammation in response to high-fat diet.

Interestingly, caloric restriction has been found to inhibit the transition from primordial to developing follicles and extend the entire growth phase of a follicle \[[@i0006-3363-94-5-108-b41]\]. Selesniemi et al. \[[@i0006-3363-94-5-108-b42]\] showed that moderate caloric restriction initiated in adult life dramatically extended reproductive lifespan. We speculate that HFD can have quite the opposite effect and accelerate the transition from primordial to developing follicles. This is supported by our finding of increased ratio of growing to primordial follicles in HFD animals, both lean and obese, after short- and long-term HFD exposure. Our findings are also corroborated by a recent study by Wang et al. \[[@i0006-3363-94-5-108-b43]\] who showed that HFD-induced obesity accelerates ovarian follicle development and follicle loss, and caloric restriction increases follicular reserve, thus extending the ovarian lifespan in rats.

Moreover, HFD had a sustained effect on litter production rate and number of pups per litter regardless of obese phenotype. The effects of HFD on fertility in lean animals have never been assessed separately from obesity. The distinct negative effect of HFD on pregnancy rate and number of pups per litter maybe related to increased systemic and local inflammation, and decreased quality of oocytes, and further studies are warranted to assess these findings.

Hyperinsulinemia and insulin insensitivity have been determined to play a role in decreasing ovarian function as seen in polycystic ovary syndrome models \[[@i0006-3363-94-5-108-b44]\]. In our study, only obese animals had elevated fasting glucose levels at 10 wk, yet detrimental effects of HFD on primordial follicle pool were seen in both HF-Ln and HF-Ob animals. At 32 wk, both HF-Ln and HF-Ob animals had elevated fasting glucose levels. However, fasting insulin was only elevated in HF-Ob animals. Because of these inconsistent results it is difficult to establish if hyperinsulinemia and insulin insensitivity worsen the effects of HFD alone on ovarian follicle pool and function. Further studies are required to examine a potential link.

In addition, consumption of a diet in which 60% of calories come from fat (mostly lard) is far from typical for a regular human diet and therefore rarely consumed. Consequently, the study results may not be entirely applicable to humans. Although the diet is far from what is usually consumed by humans, it allowed us to study the exclusive effect of fat on ovarian function, separating its effects from those of combination of fat and carbohydrates, which is more consistent with a typical Western-style diet. Fatty acid ratio may also be responsible for the unfavorable effect of lard-based HFD on ovarian function and the detrimental effects of an unfavorable fatty acid profile need to be evaluated further.

Taken together, our study suggests that HFD exposure may activate primordial follicle loss and cause premature ovarian aging by affecting local and systemic inflammatory mechanisms, independent of obese phenotype. To the best of our knowledge, this is the first time that HFD was found to be detrimental to fertility and ovarian function independent of obesity in an interventional study. These data could potentially explain the lack of overall effect of body mass index on age of menopause in women thereby highlighting the importance of dietary influence beyond just body mass index. Further studies are needed to elucidate the exact molecular mechanisms associated with these findings. Better understanding of HFD exposure on ovarian function will lead to development of novel strategies for improving ovarian function, such as administration of anti-inflammatory compounds.
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